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Consider our previous discussion of a 
motor.  When the left side of the loop has 
positive voltage and right side negative, 
current is flowing in on the left and out on 
the right, making a B-field which points 
down.  Therefore the coil turn so it points 
toward the left – i.e. there is a counter-
clockwise torque              caused by the 
interaction between the permanent 
magnetic field and the field of the coil.

Because there is a torque, there must 
be a force on the sides of the coil.  In 
fact, there is a downward force on 
the left side and an upward force on 
the  right side.

Where does this force come from?



In fact, in 1895 Henryk Lorentz discovered 
that if a wire carries current perpendicular to
a magnetic field, it will feel a force in the 
third direction (perpendicular to both the 
field and the current).  This is called the 
Lorentz force.

Since a current is a collection of moving charges, 
the Lorentz force can be written as
F = q v B, when v is perpendicular to B, in a 
direction determined by the right-hand rule: 

[This is for a positive charge.  If q is negative, 
the force is in the opposite direction.]
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If v and B are not perpendicular, find the 
components of v parallel (v//) and perpendicular 
(v+) to B. 

F = q v+ B

[The text writes this as F = q v B sin(θ).]θ

F (if q >0)
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Imagine a magnetic field pointing into the page and a positive 
charge moving in the plane of the page (so perpendicular to B). It 
will keep feeling  a force perpendicular to its velocity, so will move in 
the counter-clockwise circle shown.  [A negative charge will move in 
a clockwise orbit.]

The centripetal force is provided by the Lorentz force:
mv2/r = qvB

v/r = qB/m
But v = 2πr/T = 2πrf, where T and f are the period and frequency of 
the orbit: v/r = 2πf

f =(qB) / (2πm)

This is called cyclotron motion; the cyclotron frequency is 
independent of the velocity, so all particles of the same charge and 
mass will move in circles with the same frequency (but different 
radii, with radii proportional to speed).
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Problem:
What magnetic field is needed for an electron to move in a cyclotron orbit with 
frequency f = 2.45 GHz = 2.45 x 109 Hz?

f = (eB)/(2πm)→ B =(2π mf) / e
m = 9.1 x 10-31 kg
e = 1.6 x 10-19 C
B = 6.28 x (2.45 x 109) x (9.1 x 10-31) / (1.6 x 10-19) T = 0.088 T

Note:  this frequency is in the “microwave” part of the spectrum and has a 
wavelength λ = c/f = (3 x 108 m/s)/(2.45 x 109 cycles/sec) = 0.122 m = 12.2cm



If the velocity is not perpendicular to the 
magnetic field, its parallel component will not 
be affected by the field while its perpendicular 
component will turn in circles.  The net effect 
is that the particle will move in a helix, i.e. 
spiral around the magnetic field.



If fast charged particles from the sun (the “solar wind”) and space hit the earth’s magnetic field, they will spiral in 
toward the poles along the field lines.  When they reach the atmosphere, they can excite molecules in the 
earth’s atmosphere (Chapter 13), causing them to emit light.  (Aurora Borealis: the “Northern Lights”)



Microwave ovens work by using 2.45 GHz microwaves to get water molecules in food to rotate quickly,  bumping 
into each other and other molecules, which turns their energy into thermal energy to make the food hot.

For frequencies much smaller than 2.45 GHz, the water molecules could 
rotate too easily, without many collisions, so would not absorb energy from 
the electromagnetic wave.  For much higher frequencies, the absorption 
would be too strong, and only the surface of foods would cook.



F = 2.45 GHz is too high a frequency to conveniently produce power with a conventional LC tank circuit with discrete 
(separated) inductor and capacitor.  Instead, we use a C-shaped piece of metal. 

When current flows through the curved 
section, it generates a magnetic field in the 
center -- that’s the inductive response.  
Then charges accumulated on the ends –
that’s the capacitive response.

The “magnetron” in the microwave contains 
8 of these in a series loop.



The tank- circuit is “pumped” by electrons (trying to) move in cyclotron orbits with f = 2.45 GHz ( i.e. B = 0.088 T)  
These are provided by a hot cathode which emits (“boils off”) electrons.  The whole device (magnet and vacuum 
tube with cathode and tank circuits) is called a magnetron.

Electrons in cyclotron orbits 
which are interrupted by the 
electrodes of the tank circuit, 
so electrons keep charging the 
electrodes.



The resulting microwave radiation is fed into the oven where the metal walls are an integer 
number of half-wavelengths (λ/2 = 6.1 cm) apart, setting up standing waves  (e.g. typical 
cavities ~ 30.5 cm).

These are plots of the electric field inside the oven.  Hot-
spots are at the electric field anti-nodes – that’s why it is 
important to rotate the food.  [Older models that don’t 
rotate the food have a system of rotating the wave 
pattern.]



Relationships Between Electricity and Magnetism

1) Oersted:  Electric currents (i.e. moving charges) create magnetic fields.
2) Lorentz: Electric currents are deflected (and moving charges turn) in 

magnetic fields.

3) Faraday: Magnetic fields that change in time produce electric fields.
4) Maxwell: Electric fields that change in time produce magnetic fields. 

electromagnetic waves:
oscillating electric and 
magnetic fields that travel 
through space.
Speed in vacuum = c 

= 3 x 108 m/s
(in air, its extremely close to 
this value)



Exercises
11. The sun emits a stream of energetic electrons and protons called the solar wind. These particles frequently get caught

up in Earth’s magnetic field, traveling in spiral paths that take them toward the north or south magnetic poles. When
they head northward and collide with atoms in Earth’s upper atmosphere, those atoms emit light that we know as the
aurora borealis, or northern lights. These particles also interfere with radio reception. Why do they emit radio waves?

22. Compare how a potato cooks in a microwave oven with how it cooks in an ordinary oven.
23. When you’re listening to FM radio near buildings, reflections of the radio wave can make the reception particularly bad

in certain locations. Compare this effect to the problem of uneven cooking in a microwave oven.
27. A cyclotron is a particle accelerator invented in 1929 by American physicist Ernest O. Lawrence. It uses electric fields to
do work on charged particles as they follow circular paths in a strong magnetic field. Lawrence’s great insight was that all
the particles take the same amount of time to complete one circle, regardless of their speed or energy. That fact allows the
cyclotron to do work on all the particles at once as they circle together. How can a faster-moving electron take the same time
to circle as a slower-moving electron?
30. If a flexible wire carrying 60-Hz alternating current runs through the gap between a north and south magnetic pole, what

will happen to that wire?

Problem
11. The radio waves used by cellular telephones have wavelengths of approximately 0.36 m. What are their frequencies?



The following information will be given to you on Exam 2:

Here are some equations you might find useful:
Fnet = ma
K = ½ mv2

T = 2π√(L/g)
F = k q1 q2 / r2

v = f λ
V = IR
P = VI
V2 / V1 = N2 / N1
I2 / I1 = N1 / N2
V = U / q
E = F / q

Some Physical Constants:
Charge of electron = -e = -1.6 x 10-19 C
Coulomb constant: k = 9.0 x 109 N⸱m2/C2

Mass of electron = 9.1 x 10-31 kg
Mass of proton = 1.7 x 10-27 kg
Speed of sound in air (at atmospheric pressure) = 331 m/s
Speed of light in vacuum = 3 x 108 m/s

Exam 2 covers chapters 9-12.  There will be NO questions 
on the following topics:
• Escapements in clocks
• Balance clocks and electronic clocks
• How fabric softeners work
• How Xerox machines work
• How batteries work
• RC circuits
• Generators and motors
• Amplitude and frequency modulation
• Microwave ovens and magnetrons

Exam 2 will be an 
open-book essay 
exam that you 
will have ~ 1.5 
days to complete
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